Recently, Sb(3 nm)/Zn(20 nm)/Pd(20 nm) ohmic contact materials to p-type InP which provides high reliable, low contact resistance after annealing at temperature around 375 • C have been developed in our laboratories (where a slash (/) sign indicates the deposition sequence). The use of these contact materials for photodiodes made it possible to achieve simultaneous preparation of both p and n-type ohmic contacts, which resulted in significant reduction of the fabrication process steps. In the present paper in order to understand the mechanism of ohmic contact formation, the microstructural analysis of the interfaces between the Sb/Zn/Pd ohmic contacts and the Zn-doped p-type InP was carried out by X-ray diffraction, cross-sectional transmission electron microscopy, secondary ion mass spectroscopy, and electrochemical capacitancevoltage measurement. The present experiments proposed a new contact formation mechanism: reduction of the ohmic contact resistances was obtained primarily due to suppression of Zn (doped in the InP) outdiffusing from the InP substrate during annealing by the Pd 2 InP layers which contained Zn. Thus the direct contact of the Pd 2 InP layers to the InP substrate was found to be essential to prevent reduction of the net acceptor concentration near the InP surface and also to improve the thermal stability of ohmic contacts. The roles of Pd and Sb added to the contact materials also contributed to the reduction of contact resistance and their roles will be discussed.
Introduction
Indium phosphide and related compound semiconductors have been widely used as the key elements for high-speed optoelectronic devices and electronic devices, such as photodiodes, laser diodes, and high electron mobility transistors. Since demand for fiber-based telecommunication systems is increasing every year, the device reliability and device fabrication cost (in addition to the device performance) have been important for mass-production of InP-based optoelectronic devices. The ohmic contact properties affect directly both the device performance and reliability, and the contact fabrication cost reflects the device cost. Thus, development of low resistance reliable ohmic contacts by a low-cost preparation method is mandatory for these devices.
For the InGaAs/InP p-i-n photodiodes, an InP semiconductor layer is grown epitaxially on the InGaAs active layer to reduce dark current and to improve responsibility. 1) For the devices with high performance and reliability, the ohmic contacts for the p-InP layer are required to have a low contact resistivity of less than 10 −4 cm 2 , excellent reproducibility, and shallow diffusion depth less than 100 nm. These ohmic contact properties should not deteriorate during device fabrication process and device operation. In addition, the ohmic contact fabrication cost should be reduced by simplifying the contact fabrication process steps, which can be realized by simultaneous (one step) annealing of p-and n-type ohmic contacts. Thus, the annealing temperature of p-type ohmic contacts should be reduced to as low as 350-400
• C, which is close to the annealing temperature of AuGeNi ohmic contacts extensively used for n-type contacts. * Graduate Student, Kyoto University.
Conventionally, the Au-based ohmic contacts for p-type InP, such as AuZn or AuBe, are used. 2, 3) For these contacts, contact resistances in the range of 10 −4 -10 −5 cm 2 can be obtained on p-InP with hole carrier concentrations of ∼ 10 18 cm −3 , which satisfy the requirements of manufacturing devices. However, these Au-based contacts have deep protrusion of the metals into the InP substrates and optimum annealing temperature to produce low contact resistance Aubased ohmic contacts is about 450
• C. This temperature is about 100
• C higher than that used to prepare AuGeNi contacts for n-InP and is not suitable for simultaneous annealing of p-and n-type ohmic contacts. Thus, Au-free ohmic contacts must be developed which are prepared at temperatures lower than 400
• C and have shallow diffusion depth in addition to low contact resistance.
The methods used to prepare Au-free ohmic contacts developed previously by several authors were replacement of Au with near-noble transition metals such as Ni, Pd, and Pt. Wang et al. 4) developed Pd/Zn/Pd/Ge ohmic contacts using the solid-phase regrowth technique and achieved the contact resistance as low as 4 × 10 −5 cm 2 by annealing at 500
• C for 1 min. Park et al. 5) also developed Pd/Zn/Sb/Pd ohmic contacts, which provided the contact resistance as low as 2 × 10 −6 cm 2 by annealing at 500
• C for 1 min. However, the annealing temperature was still high to realize the simultaneous preparation of p-and n-type ohmic contacts for InP.
Recently, we succeed to develop low resistance Sb/Zn/Pd ohmic contact by depositing an extremely thin Sb layer directly on the p-type InP which showed excellent thermal stability during annealing at 300
• C. 6) The minimum contact resistivity of 7 × 10 −5 cm 2 was obtained for the Sb(3 nm)/Zn(20 nm)/Pd(20 nm) contacts after annealing at a temperature ranging from 375
• C to 400
• C for 2 min. This Sb/Zn/Pd contacts had shallow diffusion depth (less than 100 nm) of the contact metals to the InP, and excellent thermal stability. Furthermore, this PdZn-based contact had a wide process window of annealing to obtain low contact resistance, and annealing temperature was low enough to realize simultaneous fabrication of n-and p-type InP ohmic contacts by one step annealing. However, the mechanism of the contact formation was not understood, which is needed to apply this excellent contact metallurgical scheme to the ohmic contacts for other compound semiconductors.
The purpose of the present study was to understand a formation mechanism of low resistance PdZn-based ohmic contacts for Zn-doped p-InP by understanding the roles of each element added to the contact materials on the electrical properties. The microstructures at the metal/InP interfaces were analyzed by X-ray diffraction and transmission electron microscopy. The distributions of the contact elements were measured by secondary ion mass spectroscopy. The electrochemical capacitance-voltage measurement was mainly used to investigate the change of the carrier concentration in the Zn-doped InP before and after annealing. The microstructures at the contact/InP interfaces were correlated with the electrical properties of the Sb/Zn/Pd contacts.
Before we describe our experimental results, we will review below the conventional ohmic contact formation mechanisms to make clear the purpose of the present experiment.
Review of Previous Ohmic Contact Formation Mechanisms
The specific contact resistance ρ c is given by the reciprocal of the derivative of the current density (I ) with respect to the voltage (V ),
Using the Wrentzel-Kramers-Brillouin (WKB) approximation, 7, 8) ρ c of the contact to the semiconductor with heavy doping is given by,
where C is a constant with a weak temperature dependence, h is Planck's constant, m * is the effective mass of tunneling electron, ε is the dielectric constant of the semiconductor, φ B is the barrier height at the metal/semiconductor interface, and N is the doping concentration in the semiconductor.
For p-type InP with the doping concentration of 10 17 -10 18 cm −3 , the current-voltage characteristic of the metal/ pInP shows the nonlinear behavior, providing an extremely high ρ c value. The best way to modify the interfacial microstructure to prepare low resistance ohmic contact by annealing is to form a new intermediate semiconductor layer (ISL) at the metal/semiconductor interface by reaction between the contact metal and the semiconductor as shown in Fig. 1 centration. Figure 2(b) shows the diagram where the Schottky barrier height at the metal/semiconductor is reduced by splitting one high barrier into two low barriers. These band diagrams to prepare ohmic contact materials with low resistance were established to prepare ohmic contacts for GaAs as extensively reviewed by Murakami.
9)
For p-InP, the AuZn and AuBe ohmic contacts were previously developed in expectation of heavy doping of Zn and Be in the InP substrate, resulting in formation of ISL with high carrier concentration 2, 3) as shown in Fig. 2 (a). The Pd/Zn/Sb/Pd ohmic contact was developed in expectation of formation of ISL with low barrier InSb 1−x P x layer 5) with Sb as shown in Fig. 2(b) . However, these mechanisms for reduction of the contact resistance proposed in AuZn, AuBe and Pd/Zn/Sb/Pd contacts were not proved by experiments. The main purpose of the present experiment is to make clear whether the ohmic contact formation mechanisms proposed for p-type ohmic contacts to p-InP are suitable to the recently developed Sb/Zn/Pd contacts or not.
Experimental Procedures
The wafers used in this study were undoped InP epitaxial layers of 5 µm thickness (n ∼ 10 15 cm −3 ) grown epitaxially on the S doped n-type InP (100) substrates by chloride vapor phase epitaxy method. Channels of the p-type region were fabricated by diffusion of Zn into the undoped InP surface layer through the SiN x masks, which has been conventionally used in the commercial InGaAs/InP p-i-n photodiodes fabrication. The Zn concentrations and the hole concentrations of these substrates were determined from sec-ondary ion mass spectrometry (SIMS) and electrochemical capacitance-voltage (C-V) measurements. The InP wafers which were grown sequentially undoped In 0.53 Ga 0.47 As layer (0.1 µm), and undoped or Zn-diffused InP (0.3 µm) epitaxial layer were also prepared for SIMS profile analysis from the reverse side of the metallization. 10) Prior to contact deposition, the surface of the p-InP layer was etched by an H 2 SO 4 : H 2 O : H 2 O 2 = 3 : 1 : 1 solution for 5 min. at 25
• C followed by a de-ionized water rinse and blown dry by nitrogen before loading into an evaporation chamber.
Then, Sb, Zn and Pd layers were deposited sequentially in an electron-beam evaporator equipped with a cryo pump. The base pressure was ∼ 7 × 10 −6 Pa. The thicknesses of the Sb, Zn and Pd layers were varied in the range of 0-15 nm, 0-20 nm and 10-35 nm, respectively. The Pd(3 nm)/Zn(20 nm)/Pd(20 nm) structure was also prepared for comparison. Patterning of the metal film was performed using a conventional lift-off process for electrical property measurements. Blanket metallizations were prepared for microstructural analysis. These specimens were then annealed in the conventional furnace at temperatures ranging from 300 to 450
• C for 2 min. in forming gas (5%H 2 : 95%N 2 ). The net acceptor concentration profiles of Zn-doped p-InP substrates with no contact metallization before and after annealing were determined from the voltage dependence of the Schottky-contact capacitance, using a HCl solution as an electrolyte contact and as an etching agent. The SIMS measurements were performed to evaluate the Zn concentration of the p-type InP substrates (with no metallization). The diffusion depths of each element of the Sb/Zn/Pd ohmic contacts before and after annealing were also measured by SIMS, where the SIMS measurements were performed by sputter-etching from the back (n-InP substrate) side of the InP substrate using the substrate with an InGaAs/InP epitaxial layer to eliminate a knock-in effect. The SIMS depth resolution was greatly enhanced by chemically thinning the sample and sputter profiling from the backside.
11) For thinning, the samples were waxed onto dummy pieces of Si and immersed in HCl until vigorous bubbling stopped (approximately 10 min), where the InGaAs-etch stop layer was exposed. The SIMS profiles employed 5.5 kV Cs + beam bombardment. The contact resistivity was determined using the transmission line method (TLM) 12) where the interspacings between contact metal pads were 2, 4, 8, 16, and 32 µm. Crosssectional transmission electron microscopy (TEM) was performed by the HITACHI model H-9000UHR microscope operated at 300 kV. Elemental composition analysis using a nano probe was carried out by the HITACHI model HF-2000 microscope operated at 200 kV equipped with the Kevex Sigma energy dispersive X-ray analyzer (EDX). The electron probe diameter used for chemical composition analysis was about 1 nm and quantitative analysis was undertaken using theoretical 'k' factors.
13) The XTEM specimens were prepared by the conventional techniques of mechanical polishing and ion milling. X-ray diffraction (XRD) analysis was carried out by the Rigaku RINT-2500 X-ray diffractometer using CuK α radiation operated 40 kV and 100 mA.
Experimental Results

Contact resistance measurements of Sb/Zn/Pd contacts for p-InP
In order to select the optimal thickness of the Sb, Zn, and Pd layers of the Sb/Zn/Pd contacts to provide low contact resistance, the resistances of the contacts with various thicknesses and annealing temperatures were measured. Figure 3 shows the dependence of the contact resistances on the first Sb layer thickness (x) of the Sb(x)/Zn(20 nm)/Pd(20 nm) contacts with x in the range of 3 to 10 nm. The contact resistivities at temperatures around 375 to 400
• C were reduced by reducing the x value, and contact resistivities lower than 1 × 10 −4 cm 2 are obtained at the 3 nm Sb layer thickness. The optimum annealing temperatures of 375-400
• C were much lower than that of the conventional AuZn contacts (∼ 450
• C). Thickness dependence of the contact resistances on the Pd and Zn layers of the Sb(3 nm)/Zn(0-30 nm)/Pd(10-30 nm) contacts were also investigated. These results are shown in Fig. 4 , where a circle symbol " " indicates the mean specific contact resistivity less than 1 × 10 −4 cm 2 routinely obtained at the target annealing temperature (350-400
• C), and a cross symbol "×" indicates the mean specific contact resistivity larger than 1 × 10 −4 cm 2 . From Fig. 4 , the Sb(3 nm)/Zn(20 nm)/Pd(20 nm) contact was determined to be the best combination of the Sb, Zn, and Pd layers to provide low contact resistance.
Although the Sb layer was as thin as 3 nm, the effect of addition of Sb to the PdZn contacts was clearly observed by measuring the distributions of the contact resistances in addition to the mean values. The 98 and 89 specimens were prepared on p-InP for the Pd(3 nm)/Zn(20 nm)/Pd(20 nm) and Sb(3 nm)/Zn(20 nm)/Pd(20 nm) contacts, respectively, and the contact resistivities of all samples were measured. Figure 5 is a histogram of the specific contact resistivities of these samples. The annealing condition of these specimens was 375
• C for 2 min. For the Pd/Zn/Pd contacts with the 3 nm-thick Pd first layer, only a few samples provided con- tact resistivities lower than 1 × 10 −4 cm 2 , and the majority of the samples have the contact resistivities larger than 1 × 10 −4 cm 2 . The mean specific contact resistivity of the Pd/Zn/Pd contact is 3 × 10 −4 cm 2 , which did not satisfy the requirement for photodiodes. On the other hand, for the Sb/Zn/Pd contacts, almost all contacts provide the contact resistivities lower than 1 × 10 −4 cm 2 with narrow distribution, and mean contact resistivity of 7 × 10 −5 cm 2 was obtained for the Sb/Zn/Pd contact. It is interesting to note that the contact resistivities of Pd(35 nm) contacts and Sb(3 nm)/Pd(35 nm) contacts (which did not contain Zn) did not provide the contact resistivity lower than 1 × 10 −4 cm 2 , indicating that Zn played a key role for the Sb/Zn/Pd ohmic contacts to provide low contact resistance. Figure 6 shows XRD profiles of Sb(3 nm)/Zn(20 nm)/ Pd(20 nm) contacts before and after annealing. XRD peaks corresponding to the Pd layer are observed in the as-deposited samples. No diffraction peak from Zn is observed, indicating that the Zn layer has a polycrystalline structure with extremely small grain sizes. The Sb layer was also not detected by XRD due to extremely small amounts. Upon annealing these samples at 350
Microstructural analysis of Sb/Zn/Pd contacts to InP 4.2.1 X-ray diffraction analysis
• C, a fraction of Pd reacts with the InP substrate forming ternary Pd 2 InP 14) and PdZn compounds as shown in Fig. 6 . After annealing at 425
• C, XRD peaks corresponding to the PdIn and PdP 2 phases were observed in addition to PdZn and Pd 2 InP compounds.
TEM observation
In order to correlate the interfacial microstructure and the electrical properties, the Sb/Zn/Pd contact before and after annealing was observed by cross-sectional TEM. Figure 7 (a) shows a typical high resolution cross-sectional TEM image of the Sb(3 nm)/Zn(20 nm)/Pd(20 nm) contact as-deposited on the InP substrate. The native oxide layer on the InP surface was observed to be deoxidized by the Sb-rich islands (which were identified by EDX). A small amount of protrusions of the contact materials were observed at the interface between the Sb-rich islands and the InP surface. It is believed that the reaction between the Sb-rich islands and the native oxide layer occurred during the XTEM sample preparation, which heated the sample at temperatures of around 100
• C. Figure 7(b) shows the microstructure at the interface between the InP and the Sb/Zn/Pd contact which is annealed at 375
• C. This contact provided the lowest resistance after annealing. In this contact, the Pd 2 InP compounds are observed to cover the InP surface, which agrees well with the XRD profile of Fig. 6 . The EDX analysis indicated that the area indicated by a has the 50%In and 50%P; b has 59%Pd, 21%In,18%P, and 2%Zn; c has 52%Pd, 41%In, 3%P, and 4%Zn; and d has 61%Pd, 23%In, 9%P, and 7%Zn. It is important that a small amount of Zn was detected in this ternary Pd 2 InP compounds. The area of the InP surface covered by the Pd 2 InP was largest when the contact was annealed at temperatures in the range of 375 to 400 • C. Note that the contact resistances were lowest when the contact was annealed at this temperature range as shown in Fig. 3. 
Distribution of each element at metal/InP interface
Since the p-type InP substrate was prepared by Zn diffusion, the thermal stability of the Zn doped in the InP substrate before contact formation was studied by SIMS and C-V measurements. Figure 8 shows Zn and carrier profiles of the InP epitaxial layer (in which Zn was diffused in a sealed ampoule) before and after annealing at 475
• C for 1 hr in N 2 . The Zn concentration near the InP surface was about 8-10 × 10 18 cm −3 and the net carrier concentration was about 4-5 × 10 18 cm −3 before annealing at 475
• C. The concentrations of both the Zn and the net acceptor decreased after annealing at 475
• C, which is believed to be out-diffusion and evaporation of Zn from the InP substrate.
The SIMS measurements were also performed to determine the concentration profile and diffusion depth of each element used in the Sb/Zn/Pd ohmic contacts before and after anneal- In order to investigate the possibility of Zn diffusion from the Sb/Zn/Pd contact into the InP substrate after annealing at 375
• C, the backside SIMS profiles were measured for the Sb(3 nm)/Zn(20 nm)/Pd(20 nm) contacts which were prepared on the undoped InP substrate (in which Zn was not doped) before and after annealing at 375
• C for 2 min. these profiles are shown in Figs. 10(a) and (b) , respectively. Since the Zn concentration profiles before and after annealing at 375
• C are similar within the measurement errors, it is believed that Zn added to the contact materials do not diffuse into the undoped InP layer after annealing.
Discussion
The roles of each element selected as the contact materials on the contact properties will be discussed in this section by referring to illustrations shown in Fig. 11 to make clear their roles. The formation mechanism of the Sb/Zn/Pd ohmic contact will be discussed in Sect. 5.2. where the role of the Zn second layer on the contact resistance will be discussed.
Role of the Sb first layer
The Sb/Zn/Pd contacts with 3 nm-thick Sb first layers provided excellent reproducibility, low contact resistances, and shallow diffusion depth. The role of Sb added to the PdZn ohmic contacts is discussed in this section.
Nobusawa et al. studied using XPS an effect of Sb deposited on In 2 O 3 (which was a main component formed natively on the InP surface) by heating the sample at 300
• C for 10 min and found that the native oxides were deoxidized by Sb. 15) From Fig. 7(a) , it was confirmed that the Sb-rich regions formed on InP substrate reacted with the surface oxide layer native on the InP. Therefore even for the Sb/Zn/Pd contacts, the Sb first layer was observed to react with the InP native oxide layer at the early stages of the annealing as shown schematically in Fig. 11(b) , which would be effective to reduce the contamination of the InP surface and also improve adhesion between Sb and InP. It is also known that adhesion of Zn to InP was very poor. However, the sticking coefficient of Zn onto Sb (3-5 nm) deposited InP was measured to be high by wet chemical composition analysis in our previous experiment. 16 ) Therefore, it is believed that the Sb islands acted as nuclei of Zn deposition and made strong contact between the Zn overlayer and the InP substrate. These properties are needed to improve the electrical properties of the Sb/Zn/Pd ohmic contacts.
The contact resistance was reduced by reducing the Sb layer thickness until the thickness reached at 3 nm. If the thickness of Sb is thinner than 3 nm, the area of the InP surface covered by the Sb islands is small and thus the Sb islands will not act as catalysis of Zn adhesion. If the Sb layer thickness was greater than 10 nm, deposited Sb formed a continu- ous layer and this Sb layer prevented direct contact of Zn to the InP surface. Therefore it was believed that the optimum thickness of the Sb first layer of Sb/Zn/Pd contacts existed and it was 3 nm. (Formation of a narrow bandgap intermediate semiconductor layer (ISL) such as InSb x P 1−x was previously proposed for the contacts with Sb. 5, 20) However, InSb x P 1−x was not observed by XTEM with 1 nmφ probe. Therefore, it seemed that the added Sb would not benefit the narrow band gap ISL model.).
Role of Zn second layer
In the Sb/Zn/Pd contact systems the Zn second layer was essential to obtain the contact resistivity less than 1 × 10 −4 cm 2 after annealing at 375
• C, and the role of the Zn second layer is discussed below. Zn-doping in the p-InP substrate was made by the Zn diffusion at elevated temperatures which is used in the commercial InGaAs/InP p-i-n photodiodes fabrication. The Zn concentration at the InP surface was found to be about 1 × 10 19 cm −3 as shown in Fig. 8 . (Note that the carrier concentration was about 4×10 18 cm −3 .) This Zn concentration is about 10 times larger than that es- timated from the Zn solubility limit in InP at 375
• C (about 1 × 10 18 cm −3 ), 17, 18) which was optimum annealing temperature to prepare the low resistance Sb/Zn/Pd contacts as shown in Fig. 3 . Thus, Zn doped in the InP was supersaturated at 375
• C as evidenced by the outdiffusion from the InP surface after annealing at 475
• C shown in Fig. 8 . Therefore, Zn would not diffuse in the InP even if the InP covered by a Zn layer is annealed at contact formation temperature. The present SIMS measurements shown in Fig. 10 showed that Zn in the Sb/Zn/Pd contact materials did not, indeed, diffuse into the "undoped" InP layer at 375
• C. This result also agrees well with a Zn diffusion distance estimated by the diffusion coefficients measured by Chu et al. 19) Thus, the conventional model proposed to explain the AuZn ohmic contacts in which Zn added to the contact metals formed p ++ layer at the pInP surface by diffusing Zn into the InP substrate during annealing (which leads to enhancement of tunneling current at the metal/ p-InP interface as explained in Fig. 2(a) ) was not proved in the present experiment. On the other hand, when the contact metals were not deposited on the InP layer, the concentrations of both the Zn and the net acceptors in the p-InP layer decreased drastically by annealing treatment, presumably, by out-diffusion and evaporation of Zn. The deposition of the Sb/Zn/Pd contact metallurgy was found to suppress the Zn outdiffusion from the InP as shown in Fig. 9 . Since the Pd 2 InP layers shown in Fig. 11 (c) were found to contain Zn by EDX, it is believed that, the role of Zn added to the contact metals was to increase chemical potential of Zn close to the contact metal, which prevents Zn (doped in InP) to diffuse outward the InP substrate during annealing, and to keep enough carrier concentration at the p-InP surface to obtain contact resistance less than 1 × 10 −4 cm 2 . This was considered to be a reasonable ohmic contact formation model by judging from the poor electrical properties of Pd-based contacts without Zn layer.
Role of Pd third layer
It was reported that the Fermi-level was pinned at the contact/InP interface and Schottky barrier heights between metals and p-InP were almost constant of 0.7-0.8 eV, which was independent on work functions of metals. 21) Therefore, it is usually impossible for p-InP to obtain low resistance ohmic contacts by choosing a metal with large work function as the base contact materials. Also, it is important to select a base metal of ohmic contact materials from the viewpoint of the reactivity of the metal with InP at a target annealing temperature range and the products as a result of the reaction, because the thermal stability of the product affects the reliability of ohmic contacts. For example, when metallic In is generated during reaction between the contact metals and InP, the low melting point of In causes the thermal instability of ohmic contacts. Therefore, near-noble transition metals which react with InP to form stable ternary compounds, such as Pd 11) and Pt, 17) are good candidate to prepare highly stable contacts to InP.
In the case of Pd, the solid-phase regrowth (SPR) process has successfully applied to nonspiking ohmic contacts, especially to n-type GaAs. 23, 24) For the p-InP ohmic contacts, Wang et al. developed PdGe(Zn) contacts using SPR process. 4) From the XRD and XTEM study of Sb/Zn/Pd contacts, Pd in the contact materials was found to react with InP to produce ternary Pd 2 InP compounds at the contact metals/InP interface. This compound was kinematically stable at 400
• C. Therefore, the Pd 2 InP layers on the p-type InP surface would improve thermal stability at the metal/InP interface. This is the reason why the excellent thermal stability was observed in the Sb/Zn/Pd ohmic contacts as demonstrated in our previous study. 6) 
Conclusion
In order to understand an ohmic contact formation mechanism of the Sb/Zn/Pd contacts to p-InP, the roles of the elements used in the contact metals were understood by correlating the electrical properties and interfacial microstructure.
The first Sb layers deposited directly on the InP were found to play two roles of improving adhesion between PdZn contacts and the InP and cleaning the InP surface by deoxidizing the surface contamination layers. The primary role of the second Zn layers was to prevent outdiffusion of Zn (doped in the InP as the acceptors) from the InP surface by containing Zn in the Pd 2 InP layers which covered the InP surface. The third Pd layers played important roles of improving the thermal stability of the Sb/Zn/Pd contacts after contact formation and limited the reaction depth in the InP substrates.
Based on the present analysis of the roles of the contact elements, the formation of the low resistance ohmic contacts was found not to be explained by the conventional ISL formation model. The superior Sb/Zn/Pd ohmic contacts were proposed to be formed by suppression of the acceptor outdiffusion from the InP surface which were supersaturated in the InP layers before contact formation.
